Abstract: Lord Howe Island and Balls Pyramid are located approximately 600 km offshore of the southeastern Australian mainland, in the subtropical waters of the northern Tasman Sea. Lord Howe Island hosts the most southern coral reef in the Pacific Ocean, and the shelves surrounding both islands feature fossil coral reefs. This study creates a seamless, high-resolution (5 m cell size) bathymetry model of the two shelves to compare and contrast the extent of reef development and shelf morphology. This was produced by integrating satellite-derived depth data (derived to 35 m depth) and multibeam echosounder (MBES) data. Image partitioning and filtering improved the accuracy of the bathymetry estimates and the suitability for integration with MBES data. Diverse accretionary and erosional geomorphic features were mapped on both shelves, with fossil reefs dominating the shelves in 25-50 m depth. Similar patterns of shelf morphology were observed for the middle and outer shelves, while the inner shelf regions were most dissimilar, with reef development greater around Lord Howe Island compared to the more restricted inner shelf reefs around Balls Pyramid. Understanding the relative extent and morphology of shelf features provides insights into the geological and ecological processes that have influenced the formation of the shelves.
Introduction
Geomorphic characterisations of the seabed provide fundamental information for management of benthic biodiversity [1] . Geomorphology can be used as a physical surrogate for biodiversity, help identify areas of likely high habitat diversity, as well as stratify subsequent biological sampling. Geomorphic interpretations are often utilised as cost-effective baseline surveys for marine spatial planning, with broadscale, provincial mapping informing international and national policy [2] [3] [4] and mesoscale, regional mapping useful for local management applications [5] [6] [7] .
Digital elevation models (DEMs) are a core dataset for geomorphic feature interpretations [8] . In the marine environment, DEMs can be produced from data acquired from active (e.g., sonar) or The islands formed from hotspot volcanism 6-7 million years ago [25] and have eroded to a small fraction of their original size with broad shelf platforms submerged in 30-100 m water depth [26] . Eroded volcanic lavas and tuffs are overlain by Quaternary calcarenites [25, 27] . A coral reef fringes the west coast of Lord Howe Island [23, 28] and extensive fossil reefs have been mapped around the submerged shelves [29, 30] . The fossil reef around Lord Howe Island developed during times of lower sea level and is more than 20 times larger in area than the modern fringing coral reef [29] . Material dated from the fossil reef revealed several metres of accretion from 9-2 ka [29] . A comparable submerged reef system is also present on the Balls Pyramid shelf, and inferred to similarly be a drowned fossil reef [30] . Coral reef growth is possible at this subtropical location due to the influx East Australian Current which flows east from the Australian mainland delivering warm waters to the region.
Broadscale characterisations at the provincial and biome levels have been previously undertaken for the Lord Howe region, generating datasets for international [4] and national [3, 31] marine The islands formed from hotspot volcanism 6-7 million years ago [25] and have eroded to a small fraction of their original size with broad shelf platforms submerged in 30-100 m water depth [26] . Eroded volcanic lavas and tuffs are overlain by Quaternary calcarenites [25, 27] . A coral reef fringes the west coast of Lord Howe Island [23, 28] and extensive fossil reefs have been mapped around the submerged shelves [29, 30] . The fossil reef around Lord Howe Island developed during times of lower sea level and is more than 20 times larger in area than the modern fringing coral reef [29] . Material dated from the fossil reef revealed several metres of accretion from 9-2 ka [29] . A comparable submerged reef system is also present on the Balls Pyramid shelf, and inferred to similarly be a drowned fossil reef [30] . Coral reef growth is possible at this subtropical location due to the influx East Australian Current which flows east from the Australian mainland delivering warm waters to the region.
Broadscale characterisations at the provincial and biome levels have been previously undertaken for the Lord Howe region, generating datasets for international [4] and national [3, 31] marine management. Meso-scale mapping at the geomorphic and primary biome classification levels have also been produced for the shelves [30, [32] [33] [34] [35] and habitat classifications have been performed for shallow and mesophotic assemblages [23, 34, 36, 37] . Mapping of geomorphic features has been utilised in assessment reviews of the marine park zoning scheme and research planning [34, 38] .
High-resolution bathymetry grids were compiled for the Lord Howe region by Geoscience Australia [39] , which included a land-bathymetry model with MBES data of the shelves and slopes together with depth extracted from a Quickbird image of Lord Howe Island. Since the creation of the bathymetry grids by Geoscience Australia [39] , new MBES data was acquired around the shelves aboard the R.V. Southern Surveyor (Marine National Facility, Canberra, Australia) in 2013, presented in [30] and this study. The availability of detailed new MBES data and satellite imagery around the islands creates the opportunity to create a seamless DEM and geomorphic interpretation of the shelves from shoreline to shelf break.
Depth Estimation for the Lord Howe Island Shelf
Depth estimates were empirically derived from high-resolution World View 2 imagery 2010 (WV2, 8 spectral bands, 2 m cell size) to supplement the gaps in bathymetry data around the inner shelf of Lord Howe Island. MBES data were collected around the middle shelf in 2008 and 2013 aboard the R.V. Southern Surveyor using the onboard Kongsberg EM300 30 kHz system. Single beam data were collected in the lagoon in 2008 by New South Wales Roads and Maritime Services using an ODOM CVx3 echosounder. Marine LiDAR data was available around the north of the island, although the data was considered too coarse for this study (35 m cell size). Single beam and MBES data were utilised for bathymetry estimates due to their greater data density (4-5 m point spacing for multibeam; 10-15 m point spacing for single beam) which better matches the image resolution (2 m cell size).
Data were converted into the local Lord Howe Island hydro datum and tidal corrections were applied to all datasets (tide height 1.90 m above local datum at time of image acquisition). Single beam data were collected in the local datum. MBES data were collected in Australian height datum and were transformed to the local datum for analysis. A summarised workflow of satellite imagery processing is shown in Figure 2. 
Correction for Atmospheric Interference and Sun Glint Effects
The Lord Howe Island WV2 image was calibrated to radiance units (µW·cm -2 ·nm -1 ·sr -1 ) using ENVI v4.8 (Harris Corporation, Colorado, USA). The Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) algorithm was used to correct for atmospheric interference [40, 41] . This algorithm adopts the MODTRAN4 (MODerate resolution atmospheric TRANsmission) radiation transfer model to remove the contributions of atmosphere from the spectral reflectance [40, 41] . A mid-latitude model was used with initial visibility adjusted to 80 km.
Corrections for sun glint were undertaken on the atmospherically-corrected image using the methodology of [15] . This method achieved deglinting by using the near infra-red (NIR) band to approximate the contribution of specular reflection from the water surface, and subtracting this from the reflectance in each individual image band. To calculate the slope product and minimum NIR values required for deglinting, a subset was extracted from a region of interest (ROI) in each band (49,567 points per band). The ROI was defined from a representative area, which demonstrated a range of glint intensities over homogenous substrate. A single ROI area was extracted from the image as this was found to produce a stronger correlation. Extraction of data from multiple ROI's produced data clusters that expressed similar slopes within the regression, though the spread of data reduced the overall fit of the linear regression. Land and cloud artefacts were masked from the image using a digitised land and cloud polygon. cell size).
Data were converted into the local Lord Howe Island hydro datum and tidal corrections were applied to all datasets (tide height 1.90 m above local datum at time of image acquisition). Single beam data were collected in the local datum. MBES data were collected in Australian height datum and were transformed to the local datum for analysis. A summarised workflow of satellite imagery processing is shown in Figure 2 . 
Estimating Bathymetry from Satellite Image Bands
Band ratio approaches are a type of empirical method which uses the relative attenuation of light between two bands to infer depth [13] . This approach has been shown to be effective in deriving depth using relatively few parameters. Known depth data is required for this approach (such as single beam data, MBES or marine LiDAR) to calibrate the ratio and validate the surface. This approach was selected due to the simplicity of the method and the availability of known depth data for the region (single beam and MBES).
Depth was estimated in the satellite image using the methodology described in [13] (Equation (9) ). This approach functions independently of bottom type by using a ratio transform to measure the relative attenuation of light through the water column for individual bands. Ratios were calculated for different combinations of bands, and these ratios were plotted against known depth to assess the most suitable bands for depth estimation. The ratio of the blue (band 2) and green (band 3) bands were shown to have the best correlation and were used for subsequent analysis. Deglinted reflectance values for each substrate type for band 2 and 3 are provided in Appendix A, Figure A1 .
Depth was estimated by correlating reference depth points against the ratio of reflectance for the blue and green bands. Reference depth points for the Lord Howe Island shelf were sourced from the 2013 multibeam (22,445 points) and 2008 single beam (6316 points). Coverage of calculation and validation points is shown in Appendix B, Figure A2 . Band ratio values were plotted against known depths to generate a relationship function, which was then applied across the entire band ratio rasters using the raster calculator in ArcGIS to generate a continuous surface of estimated depth. Estimated surfaces were produced for the different filter types, and slope surfaces were generated for comparison.
Filter Comparison
Filters were applied using two approaches: the first approach used a single filter; while the second approach used a combination of two or more filters. Filters were generated for the blue/green ratio grid using ArcGIS 10.5 Spatial Analyst Toolbox, and these were compared to the ratio grid with no filters applied.
For the first approach, single filters were applied to the ratio grid including: (1) low pass filter; (2) median filters, with circle radii of three, five and 10 cells; and (3) standard deviation filter, with a three cell circle radius filter. Values exceeding a standard deviation threshold of 0.035 were reclassified and used to create a mask which excluded these outlier values from the ratio grid. The second approach applied a series of filters to the band ratio grid. These filters included: (1) low pass filter followed by a median filter with a 10 cell circle radius; and (2) standard deviation filter followed by median filter with a 10 cell circle radius. The surface created with the combination of standard deviation and median 10 (10 cell radius) filters was determined to be the most suitable filter for the purposes of this study.
Image Partitioning and Error Assessment
Root mean square error (RMSE) was performed using all remaining data points in the inner shelf region, excluding the depth points used to derive depth, to avoid bias of error calculation (Appendix B, Figure A2 ). Depth points overlapping the calculated surface were extracted from the 2013 (249,988 points) and 2008 (234,627 points) multibeam data and single beam data (3666 points) to calculate error. RMSE were calculated for the different ratio filters and depth intervals.
Qualitative and quantitative evaluation of the derived depth surface revealed that the surface to the west of the island was more accurate than the eastern side in waters greater than 25 m depth. Water surface disturbance is apparent on the eastern side of the image, which may be due to its exposure to prevailing conditions. Variation between image tiles is also apparent, and these factors may account for the differences in regression fit.
It was therefore considered to partition the image into eastern and western segments and apply separate regressions to each side of the image. RMSE errors were calculated for the partitioned segments and the results were compared.
Depth Estimation for the Balls Pyramid Shelf
Bathymetry estimates for the Balls Pyramid shelf were previously conducted by [30] . These estimates were recalculated by this study using the optimal approach determined by the aforementioned process of depth estimation for the Lord Howe Island shelf. This included the application of standard deviation and median (10 circle radius) filters which were applied to a 2010 Quickbird (QB, four spectral bands, 2.4 m cell size) image for the Balls Pyramid shelf. Image partitioning was not required for the Balls Pyramid shelf as there were no distinct variations across the surface. Reference depth points (57,269 points) and validation points (220,629) were sourced from the 2013 multibeam dataset.
Integrated Bathymetry Model
Bathymetry estimates from the WV2 and QB satellite images were converted to Australian height datum (AHD) using an offset of 1.10 m [42] for integration with the 2008 and 2013 MBES data, which were gridded to AHD. Estimated depth surfaces for the WV2 and QB images were clipped at 35 m due to deviation in the spread of unfiltered data and ideal depth for seamless integration with MBES data. The application of image partitioning for the WV2 image improved surface accuracy in deeper waters, which improved the integration with the MBES data. Error assessments were additionally performed on the 2008 and 2013 MBES survey data, with RMSE values calculated on areas of overlap.
Bathymetry estimates were integrated with MBES data from R.V. Southern Surveyor voyages (Marine National Facility, Canberra, Australia) in 2008 (4 m cell size) and 2013 (5 m cell size), and supplemented with data around the shelf slopes from the Geoscience Australia (8 m cell size) shelf grid [39] for a seamless transition. A summarised workflow of processing for the integrated bathymetry model is shown in Figure 2 . Coverages were hierarchically masked based on the relative accuracy of the input data, whereby MBES data was considered the highest ranking layer, followed by the satellite-derived depth. Data were converted to points and interpolated to a 5 m grid using natural neighbour (ArcGIS v10.1, Environmental Systems Research Institute (ESRI), Redlands, CA, USA), which was shown to generate the most appropriate surface from a range of interpolation approaches available [43, 44] . A gap of 20 m was applied when combining bathymetry estimates with MBES data to create a smooth transition.
The new shelf model was clipped to 300 m, as this captured the full extent of the shelf area. The shelf model was then mosaicked with coverage for the land and shelf slopes from the Geoscience Australia land-bathymetry grid [39] to create an updated regional seamless DEM of the land, shelf and slopes (8 m cell size). An overlap distance of 10 m was applied when combing bathymetry estimates with MBES data. Slope and ruggedness terrain derivatives were calculated for the shelf and regional DEMs using ArcGIS Spatial Analyst toolbox and Benthic Terrain Modeler [45] , respectively.
Geomorphomic Feature Interpretation
Broad seafloor features were visually interpreted through digitisation in ArcGIS v10.1 using terminology consistent with international nomenclature [46, 47] and national standards [48] . Shelves were classified into shelf region (inner, mid, outer) and geomorphic features, with definitions primarily sourced from [48] with feature definitions and sources presented in Table 1 . The classification of geomorphic features extends upon the interpretation of Balls Pyramid shelf undertaken by [31] . These interpretations were further informed by previous characterisations of the Lord Howe Island shelf produced by [29, [35] [36] [37] . Table 1 . Definitions of feature terms used with this study.
Geomorphic Feature Definition
Coral reef A tract of corals growing on a massive, wave resistant structure and associated sediments, substantially built by skeletons of successive generations of corals and other calcareous biota [49] Channel A linear or sinuous depression on an otherwise flat surface [48] Basin A depression, in the seafloor, more or less equidimensional in plan and of variable extent [48] Depression A low lying area surrounded by higher ground and with no outlet or opening (i.e., closed) [48] Pavement Flat (or gently sloping), low-relief, solid, carbonate rock with little or no fine-scale rugosity. These areas can be covered with algae, hard coral, gorgonians, zooanthids, or other sessile vertebrates; the coverage may be dense enough to partially obscure the underlying surface. On less colonized pavement features, rock may be covered by a thin sand veneer [47] Ridge A long, narrow elevation, usually sharp crested with steep sides. Larger ridges can form an extended upland between valleys [48] Step A narrow area on the continental (or island) shelf that has a distinctive steep gradient [50] Terrace A relatively level or gently inclined surface defined along one edge by a steeper descending slope and along the other by a steeper ascending slope. Terraces may border a valley floor or shoreline, and they can represent the former position of a flood plain or shoreline [48] Shelf break The line along which there is a marked increase of slope at the seaward margin of a continental (or island) shelf [46] Slope The sloping region that deepens from a shelf to a point where there is a general decrease in gradient [46] The inner shelf represents the zone within approximately 1 km of the shoreline to around 30-35 m depth. Inner shelf features around Lord Howe Island were defined at a 1:6000 map scale using WV2 imagery, supplemented with ADS40 (2012) (Land and Property Information, New South Wales, Australia) aerial imagery where cloud artefacts obscured the view. The spatial extent of the modern fringing reef was informed by the existing literature [23, 28, 36] .
The middle and outer shelf zones have varying distances from the shoreline, and typically represent the seaward 50 and 130 m isobaths, respectively. For the remaining shelf, features were digitised at 1:10,000 using slope transparently (50%) displayed over the bathymetry model. The large, mid-shelf fossil reef features were sub-divided into the upper (below 35 m depth), lower (beyond 35 m depth), and intra-reef depression (localised lows within reef structure) features.
The zonal statistics tool in ArcGIS was used to extract summary statistics of depth and slope for each feature, and the zonal histogram tool was used to create hypsometric curves. These allowed for the spatial extent, depth and slope characteristics of specific shelf features to be compared and contrasted. Linear features are included into the zonal histogram analysis, with area representing the cumulative area of individual cells directly beneath the lines. This allows for depth distribution patterns to be described for linear features as well as polygon features.
Results

Depth Estimation for the Lord Howe Island Shelf
The estimated depth surface for the Lord Howe Island shelf was enhanced through the selection of suitable bands, the application of filters and image partitioning ( Table 2 , Figures 3 and 4) . Comparisons of input bands showed that the ratio of blue and green bands had the strongest relationship to known depth. The optimal correlation was achieved for the standard deviation and median 10 (10 cell radius) filter using a third order polynomial function (R 2 = 0.935). the spatial extent, depth and slope characteristics of specific shelf features to be compared and contrasted. Linear features are included into the zonal histogram analysis, with area representing the cumulative area of individual cells directly beneath the lines. This allows for depth distribution patterns to be described for linear features as well as polygon features.
Results
Depth Estimation for the Lord Howe Island Shelf
The estimated depth surface for the Lord Howe Island shelf was enhanced through the selection of suitable bands, the application of filters and image partitioning ( Table 2 , Figures 3 and 4) . Comparisons of input bands showed that the ratio of blue and green bands had the strongest relationship to known depth. The optimal correlation was achieved for the standard deviation and median 10 (10 cell radius) filter using a third order polynomial function (R 2 = 0.935). This was further improved with image partitioning, which reduced the overall error of the surface to RMSE 2.36 in 0-35 m water depth. Applying separate regressions to the east and west portions of the image reduced the error of the eastern surface in 25-40 m water depth, although it slightly increased the error in the 0-20 depth interval. Multibeam data points were not available in water depths less than 20 m for the western side, which may have affected the accuracy in this depth interval. The overall error of the surface in the 0-35 m depth interval was reduced from an RMSE error of 3.15 prior to partitioning, to an RMSE error of 2.39 with partitioning applied (Table 2) . As with the ROI selection, the reference points for depth calculation were extracted from one continuous section of the image.
In addition to RMSE calculations, residual values for each point in the subsample dataset were plotted to visually assess the areas of greater error. Errors appeared to be greatest in bathymetric depressions, where the calculation appeared to overestimate the gradient of depth. An additional source of error arises from the time difference between the acquisition of imagery and reference depth data. Coordination of data acquisition is logistically difficult, and therefore some of the observed error may originate from sediment movement between the imagery and survey dates.
The application of filters improved the correlation through removing the outliers within the surface and reducing the data spread in deeper waters (Figures 3 and 4) . The singular application of a low pass filter appears to produce a strong correlation (R 2 = 0.894), however the resultant surface is too variable for the derivation of terrain measures, as shown by high slope values across the surface in Figure 3 . The application of a median filter with a sufficiently wide radius (10 cell) provided smoothing to a level most suitable for integration with MBES data. Smaller filter radii (three and five cell) showed higher surface variability, and greater filter windows showed data loss through oversmoothing the surface.
The standard deviation filter removes artefacts of image tiling and outlier values, which can be retained with the median or low pass filters alone. If the image is not affected by surface disturbance or tiling edge effects, the median filter on its own may be sufficient for surface smoothing. The addition of the low pass filter did not significantly improve the correlation or RMSE error of the surfaces.
The pristine water clarity of this study region enabled depth estimations down to 35 m, where typically depth is not derived from satellite imagery beyond 20 m water depth [10] . For the purposes of this study, 35 m was selected as the depth limit, as this was where the deviation in the unfiltered data increased and also provided a balance between coverage and accuracy for seamless integration with MBES data. RMSE error between the overlapping coverages of the 2008 and 2013 MBES surveys was calculated to be 1.15 (3, 428 ,021 points). This was further improved with image partitioning, which reduced the overall error of the surface to RMSE 2.36 in 0-35 m water depth. Applying separate regressions to the east and west portions of the image reduced the error of the eastern surface in 25-40 m water depth, although it slightly increased the error in the 0-20 depth interval. Multibeam data points were not available in water depths less than 20 m for the western side, which may have affected the accuracy in this depth interval. The overall error of the surface in the 0-35 m depth interval was reduced from an RMSE error of 3.15 prior to partitioning, to an RMSE error of 2.39 with partitioning applied (Table 2) . As with the ROI selection, the reference points for depth calculation were extracted from one continuous section of the image.
The application of filters improved the correlation through removing the outliers within the surface and reducing the data spread in deeper waters (Figures 3 and 4) . The singular application of a low pass filter appears to produce a strong correlation (R 2 = 0.894), however the resultant surface is too variable for the derivation of terrain measures, as shown by high slope values across the surface in Figure 3 . The application of a median filter with a sufficiently wide radius (10 cell) provided smoothing to a level most suitable for integration with MBES data. Smaller filter radii (three and five cell) showed higher surface variability, and greater filter windows showed data loss through over-smoothing the surface.
The pristine water clarity of this study region enabled depth estimations down to 35 m, where typically depth is not derived from satellite imagery beyond 20 m water depth [10] . For the purposes of this study, 35 m was selected as the depth limit, as this was where the deviation in the unfiltered data increased and also provided a balance between coverage and accuracy for seamless integration with MBES data. RMSE error between the overlapping coverages of the 2008 and 2013 MBES surveys was calculated to be 1.15 (3, 428 ,021 points).
Depth Estimation for the Balls Pyramid Shelf
The optimal correlation for the Balls Pyramid Quickbird image was achieved using a linear function (R 2 = 0.47). The weaker correlation of the depth data for the Balls Pyramid shelf is attributable to the severe sun glint evident in the Quickbird image, which hindered the success of the correlation. Furthermore, reliable known depth points from MBES data around Balls Pyramid existed only for waters deeper than 18 m across the mapped area of the shelf. Within the area of interest around the inner shelf, the shallowest MBES data used for calculations and validations was 21 m depth.
The RMSE values for the Balls Pyramid shelf varied with depth. As no MBES data was available for the area of interest in waters shallower than 21 m, the estimated depth in this shallow-water range is considered the area of highest error.
Integrated Bathymetry Model
A high-resolution bathymetry model was produced for the island shelves (5 m cell size). The new estimated depth surfaces from the satellite imagery contributed 34 km 2 of data for the Lord Howe Island shelf and 7.2 km 2 for the Balls Pyramid shelf (Figure 5a ). The estimated depth from the WV2 satellite image greatly improved the bathymetric resolution of the southeast shelf of Lord Howe Island (Figure 5b ). This region of the shelf is difficult to access due to high exposure to swell and winds, and the previous bathymetry data and subsequent geomorphic interpretations were heavily interpolated in this region. The satellite data were ideal for these applications, and the new bathymetry model has substantially enhanced the detail of the features inaccessible to vessel-based platforms.
The regional land and bathymetry model (8 m cell size) was also updated to include the new shelf model. The production of high-resolution bathymetry models enables the exploration of the terrain, including the calculation of metrics such as slope (Figure 5c ), ruggedness (Figure 5d ) and the identification of shelf features. Detailed descriptions and comparisons of geomorphic features across the seascape are presented below.
Geomorphic Interpretation and Shelf Comparison
Diverse accretionary and erosional geomorphic features were mapped on both shelves ( Figure 6 ). The two island shelves possess broad platforms which predominantly occur in 30-60 m water depth (69% and 77% of the shelf area for the Lord Howe Island and Balls Pyramid shelves, respectively) and are dominated by extensive fossil reefs ( Figure 7 , Table 3 ). The 504 km 2 area of the Lord Howe Island shelf is almost twice the size of the 261 km 2 Balls Pyramid shelf. Similar proportions of the shelves occur in deeper waters, with 13-14% of shelf area in 60-90 m for both shelves, and 6-9% >90 m. The greatest difference occurs in the shallow waters, where <1% occurs in <30 m depth around Balls Pyramid, while 12% of the Lord Howe Island shelf comprises shallow reefs and depressions, including the modern fringing reef and shallow lagoon. The hypsometric curve highlights the similarities in the depth distribution of features, as well as the differences in the cumulative area of the Lord Howe Island features (Table 3) The bathymetry estimates for the Balls Pyramid shelf generated deeper values around the inner shelf and therefore it is inferred that a greater proportion of shallower substrate < 20 m depth likely occurs on the inner shelf. While the hypsometry of depth in shallow waters around Balls Pyramid must be interpreted with caution, area calculations provide for quantification and comparison of the size of the inner-shelf reefs ( Table 3 ). The areal extent of inner-shelf reefs around Balls Pyramid was shown to be reduced by area in relation to the Lord Howe Island shelf; totalling 5.6 km 2 for the Balls Pyramid shelf (2.2% of the shelf) and 22.8 km 2 for the Lord Howe Island shelf (4.5% of the shelf).
Inner Shelf
The Lord Howe Island shelf possesses a more extensive inner-shelf reef system, which uniquely includes a modern fringing reef. The inner-shelf reefs around Lord Howe Island are substantially larger in area (22.8 km 2 ) and occur across a wider distribution of depths (average 25 ± 8.9 m) compared to the Balls Pyramid inner-shelf reefs (5.6 km 2 area, average depth 32 ± 2.3 m). Complex reef systems occur around the inner shelf of Lord Howe Island, in contrast to the less extensive innershelf reef features which encircle the Balls Pyramid sea stack. The previously unmapped inner-shelf The hypsometric curve highlights the similarities in the depth distribution of features, as well as the differences in the cumulative area of the Lord Howe Island features (Table 3) The bathymetry estimates for the Balls Pyramid shelf generated deeper values around the inner shelf and therefore it is inferred that a greater proportion of shallower substrate <20 m depth likely occurs on the inner shelf. While the hypsometry of depth in shallow waters around Balls Pyramid must be interpreted with caution, area calculations provide for quantification and comparison of the size of the inner-shelf reefs ( Table 3 ). The areal extent of inner-shelf reefs around Balls Pyramid was shown to be reduced by area in relation to the Lord Howe Island shelf; totalling 5.6 km 2 for the Balls Pyramid shelf (2.2% of the shelf) and 22.8 km 2 for the Lord Howe Island shelf (4.5% of the shelf). 
Middle Shelf
Mid-shelf fossil reef features, including the upper reef, lower reef and intra-reef depressions, dominate both shelves. The 155.4 km 2 fossil reef around Lord Howe Island is almost twice the area (180% larger) of the 86.9 km 2 Balls Pyramid fossil reef, although the reefs comprise a similar proportion of shelf area at 31% for Lord Howe Island and 33% for Balls Pyramid (Table 3 ). The Lord Howe Island reef forms a barrier-type reef morphology that encircles the island with pronounced, large basins distinctly separating the mid-shelf reefs from the inner-shelf reefs. The mid-shelf reef has a typical relief of 20 m. It is widest in the southeast (5.9 km) and southwest (4.8 km) and extends closest to the shelf break (<400 m) along the western rim. The mid-shelf reef around Balls Pyramid instead forms a platform-type morphology with basins that only partially intersect the reef structure. The reef has a typical relief of 15 m, and is similarly widest on the southwest shelf (5.2 km) where it extends to within 500 m of the shelf break.
Patch reef features are interspersed between the inner-shelf reefs and the fossil reef. On the western middle shelf, a dense network of patch reefs occur in 24-34 m, rising 10-20 m in relief from the basin floor at 42-47 m depth (Figure 6b ). To the east, shore-parallel patch reefs form an 8 km chain which adjoins the margin of inner-shelf reefs on the east shelf. Along this chain, reefs rise to 20 m depth from the surrounding inner-and mid-shelf basin floor in 30-58 m depth. Around the southern inner rim of the fossil reef, low-lying reef patches appear to be inundated by sand, visible from satellite and aerial imagery.
Large forereef buttresses occur on the southern seaward rim of the Lord Howe Island shelf, reaching 5-6 m in height, 50-430 m in width and 470-800 m in length. The magnitude of these buttresses is substantially larger than the 1-4 m high forereef buttresses observed elsewhere along the rim of the Lord Howe Island and Balls Pyramid mid-shelf fossil reefs (Figure 8a-c) .
Basins are prominent on the northern, eastern and southern mid shelves around both islands, with the western shelf basin reduced in size around Lord Howe Island and absent on the Balls Pyramid shelf. Basin and channel networks dissect the eastern and northern mid-shelf reefs around Lord Howe Island and Balls Pyramid, and the channels connect to outer-shelf channel systems. Steep margins are commonly observed on the inner-reef rim adjoining the basins on both shelves. The basin rims around Lord Howe Island have gradients up to 30 • on the eastern basin and up to 22 • observed on the eastern basin rim of Balls Pyramid (Figure 8d,e) . 
Outer Shelf
The outer-shelf pavement encompasses a large proportion of shelf area for both the Lord Howe Island (99.7 km 2 ; 20%) and Balls Pyramid (72.7 km 2 ; 28%) shelves. Underwater imagery of the outer shelf of Balls Pyramid reveals the pavement is commonly encrusted with coralline algae with a carbonate sand veneer [37] . It is widest on the southwestern (11.3 km) and northeastern (7.8 km) section of the Lord Howe Island shelf and the southern section of the Balls Pyramid shelf (3.6 km). It is narrowest (< 50 m) on the western side of both shelves where the mid-shelf reefs extend close to the shelf break. The northeast shelves are characterised by basin and channel networks. Patch reefs 
The outer-shelf pavement encompasses a large proportion of shelf area for both the Lord Howe Island (99.7 km 2 ; 20%) and Balls Pyramid (72.7 km 2 ; 28%) shelves. Underwater imagery of the outer shelf of Balls Pyramid reveals the pavement is commonly encrusted with coralline algae with a carbonate sand veneer [37] . It is widest on the southwestern (11.3 km) and northeastern (7.8 km) section of the Lord Howe Island shelf and the southern section of the Balls Pyramid shelf (3.6 km). It is narrowest (<50 m) on the western side of both shelves where the mid-shelf reefs extend close to the shelf break. The northeast shelves are characterised by basin and channel networks. Patch reefs are more prominent on the northeast shelves whereas sub-parallel, linear ridges are more typical of the southern outer-shelf platforms (Figure 6c) .
Terraces are evident along the outer shelf rim of both shelves, predominantly occurring at 65-110 m depth, with a similar average depth (88 ± 18 m for Lord Howe Island; 94 ± 24 m for Balls Pyramid) and average terrace-step depth (79 ± 20 m for Lord Howe Island; 80 ± 18 m for Balls Pyramid). Terraces appear most separated on the gentler-gradient northern and southern shelves, and conjoin along the steeper-gradient eastern and western shelves. The most distinct terrace-step sequences are observed on the northwest shelf region (Figure 8f 
Discussion
The estimated depth surfaces for the inner shelves around Lord Howe Island and Balls Pyramid have substantially enhanced the detail of the features that are very difficult to access using vessel-based platforms. The methods presented here provide a more accurate and detailed seabed model derived from satellite imagery and provide data that are more amenable for integration with multibeam echosounder (MBES) data. The application of multiple filters and the use of larger filter windows (10 cell size) provide a smoothing level similar to that produced with 4-5 m cell size MBES grids. Standard deviation filters were shown to remove outliers and artefacts which may occur from tiling edge effects or surface disturbance, and median 10 (10 cell size) filters were shown to produce a level of smoothing comparable with MBES data.
The selection of filters for individual studies depends on the level of pixel-to-pixel variation within the satellite image and the resolution of bathymetry datasets used for integration. The combination of the standard deviation and median 10 filters were selected for this study due to the surface disturbance observed on the eastern inner shelf and improved RMSE performance of the filtered surface. Image partitioning further improved surface accuracy through tailoring the regression to the east-west variation observed across the image. Quantitative (e.g., RMSE calculations) and qualitative (e.g., plotting residuals) error assessments indicate the reliability of the surface and its fitness for purpose.
The empirical, band ratio method for depth estimation from satellite imagery provides a relatively simple method of shallow depth estimation [10, 13] . Importantly, in this study the WV2 image for Lord Howe Island reveals high water clarity (Figure 1 ), and this high clarity together with the high-resolution of the WV2 image enables a reasonably accurate product to be generated for the inner shelf. For the Balls Pyramid shelf, severe sun glint reduced the suitability of the method. Physics-based approaches may offer more accurate surfaces, however such approaches would also be compromised by sun glint and require increased model parameterisation and complex data processing [10] . Therefore, the empirical, ratio-based approach employed here provides an efficient and relatively accurate method suitable for seabed geomorphic analysis.
Comparison of Shelf Morphology
The creation of a seamless bathymetry model for the entire shelf region of the two island shelves enabled geomorphic features to be mapped from the shoreline to shelf break at the same resolution and scale. The high-resolution shelf (5 m cell size) and regional (land, and shelf and slope, 8 m cell size) DEMs provide detailed information on shelf morphology, which allow for comparisons of the extent and distribution of fossil reefs. This, in turn, informs interpretations on the formation and driving processes of shelf features. The two oceanic shelves possess a diverse range of accretionary and erosional geomorphic features which have been defined and described. Submerged fossil coral reefs, basins, channels, pavements and terraces are identified on both shelves, with the expression and extent of features typically more pronounced on the larger shelf surrounding Lord Howe Island.
Mid-shelf fossil reefs dominate both shelves in 25-50 m, comprising a similar proportion of shelf area (approximately one third). The reefs form concentric patterns encircling large basins, which are inferred to be paleolagoons. The morphological similarities and comparable depth distributions suggest the mid-shelf reefs developed concurrently, with the mid-shelf reef around Balls Pyramid appearing to have drowned with postglacial sea-level rise [30] while the Lord Howe Island shelf backstepped to form the modern reef [28, 29] . The Lord Howe Island mid-shelf fossil reef accreted several metres during the Holocene (9-2 ka) [29] , and it is presumed the Last Interglacial (125 ka, Marine Isotope Stage, MIS 5) reef material forms a significant component of the reef foundations, and possibly deposits from preceding interglacials (MIS 7, 9, 11).
The lateral and vertical extent of reef development is greatest on the southwestern shelves, interpreted as the more exposed, windward setting. Forereef buttresses border the eastern, western, and southern rims of the mid-shelf reefs and outer-shelf pavements, indicating variable exposure gradients which are typical of the mid-ocean setting [26] . The development of larger buttresses (5-6 m height) on the southern rim of the Lord Howe Island fossil reef suggest the southern reef was exposed to significantly higher prevailing energy conditions from due south than occurred around the surrounding shelf where buttresses were reduced in size (1-2 m height).
On the outer shelf, where there was ample substrate available for colonisation on the outer-shelf pavement, the reefs cover similar relative areas on both shelves. These reefs formed as ridges and patch reefs, with ridges most developed on the southern outer shelves. Similar paleoshoreline features have been described around the Australian continental shelf [51] and the linear, sub-parallel configuration of these features suggest beach barrier or coral reef origins. Occurring at 40-80 m depth, these features may have formed during postglacial sea-level rise of the Early Holocene or during earlier interstadials (e.g., MIS 3).
The dense network of patch reefs on the mid shelf and the linear reef systems on the eastern and northern inner shelves of Lord Howe Island are interpreted as transitional fossil patch and fringing reefs that developed as the reef retreated landward with postglacial sea-level rise. As the linear reefs have a maximum relief of 4 m, the associated lagoons are likely to be shallow and therefore more typical of fringing reef than barrier systems [52] . While the less-exposed west coast is dominated by reef accretion, the more exposed eastern, northern and southern coasts have limited coral accretion and the substratum comprises volcanic and calcarenite outcrops [23, 36] . Along the southern coast, the nearshore waters adjoining the steep basalt cliffs are characterised by boulder stacks and plunging cliffs, which likely extend to form the contiguous reef mapped along the southern inner shelf.
Unlike the mosaic of different reef morphologies observed on the Lord Howe Island inner shelf, the Balls Pyramid inner shelf possesses a more limited inner shelf fossil reef. The Balls Pyramid pinnacle comprises steep cliffs which plunge into shallow waters, and the contiguous inner shelf reef surrounding the island is likely dominated by volcanic bedrock. The concentric formation of the outer edge of the inner shelf reefs, intersected with narrow channels, suggests constructional fossil reef origins which may have accreted, in part, during the postglacial rise in sea-level.
In addition to accretionary geomorphic features, the shelves exhibit diverse erosional features and morphologies. Complex networks of basins and channel systems characterise the northeast shelves, interpreted as the more sheltered, leeward setting. Basin features are interconnected to the channels, which are interpreted as inter-reef passages which would have functioned to transport water from the paleolagoons when the sea level was at or near the fossil reef surface. Three prominent channels dissect the Lord Howe Island mid-shelf reef, whereas distinct channels are not apparent on the mid shelf around Balls Pyramid. However, the leeward setting is apparent on the Balls Pyramid shelf through developed channels on the northeast outer shelf and the extension of a large northern mid-shelf basin. During periods of lower sea level when the shelf was exposed, the mid-and outer-shelf channels appear to have fed sediment off the shelf edge, as suggested by the sub-bottom profiles presented for the Balls Pyramid northeast shelf by [30] . These processes are similarly inferred for the Lord Howe Island shelf, where distinct channels are evident on the northeast middle shelf of Lord Howe Island, with a complex network of channels extending across the northeast shelf. Sediment samples collected from the slope areas by [53] indicate the transport and deposition of sediments off the shelf into slope areas during periods of lower sea level.
The karstification of limestone shelf features likely occurred during times of lower sea level, as suggested by onshore deposits of calcarenites around Lord Howe Island [27] . Karst features including dolines, caves and subaerially exposed speleothems were documented within calcarenite sequences around the island, which experienced dissolution and weathering following deposition during the MIS 7 [27] . Morphological characteristics of the mid-shelf basins, including steep basin rims and a sand-inundated low-profile reef, suggest the basin morphology may reflect karstification processes (e.g., [54] ). The steeper basin rims and greater extent of the mid-shelf basins around Lord Howe Island (60 km 2 around Lord Howe Island; 24 km 2 around Balls Pyramid) likely reflect the greater volume of water drainage from the larger shelf system during periods when the sea-level was at or near the fossil reef surface and during lowstands when the shelves were exposed.
Terrace and step features are associated with lowstand sea levels during the last glacial period (Last Glacial Maximum~21 ka) and the preceding interstadial and glacial periods of lower sea level. The depth range of these features are distributed across a wide spread of depths (45-217 m), corresponding to a range of lower sea levels. Similar mean depths of step features occur on both shelves (79-80 m), which may be associated with MIS 3. Morphologically, terrace step feature patterns are remarkably similar for the two shelves, particularly in the northwest where several distinct terraces form with rimmed margins (Figure 8f,g ). The shelf break similarly varies around the island shelves (83-217 m, mean depth 130 m). Shelf planation is proposed to have occurred rapidly after the formation of the shield volcanoes (6-7 million years ago), with marine abrasion accounting for the majority (90%) of erosion [26] . Following shelf planation, carbonate sequences were deposited over the basalt platform [29, 30, 32] , and accretionary and erosional processes during sea level lowstands shaped the variable nature of the shelf break.
The availability of substrate for coral colonisation, leading to reef formation, is a key factor differentiating the morphology of the two shelves. The larger size of the shelf and thus the original formative volcano of Lord Howe Island, translates to larger island remnants that remained after shelf planation. The greater extent of reefs around the Lord Howe Island inner shelf was likely facilitated through the availability of shallow substrates and the larger island size which presumably provided greater shelter from exposure. Possibly, slightly warmer sea temperatures and/or more favourable currents (e.g., upwelling) or levels of exposure may have enabled coral to grow faster on the Lord Howe Shelf. In contrast to Lord Howe Island, the Balls Pyramid shelf possesses minimal shallow inner-shelf substrates and the steep pinnacle provides little shelter from high wind and wave energies. Although the areal extent of shelf features are reduced in comparison to Lord Howe Island, substantial past reef development is evident on the Balls Pyramid.
Applications for Management
Previous studies of the distribution of benthic assemblages around the island shelves and broader Lord Howe region have shown strong correlations to geomorphic features and shelf regions [31, 32, 37, [55] [56] [57] . Abundant hard corals were recently discovered growing on the mid-shelf reef of Balls Pyramid, showing increased abundance associated with the mid-and outer-shelf reef features [37] . It is likely that similar distributions of hard corals occur around the Lord Howe Island mid-shelf reef, particularly given the development of a modern fringing reef and the more extensive fossil reef. The outer shelf pavement has been characterised as an area of sand veneers and rhodolith beds [32, 37, 55] , with gorgonian whips and fans observed on the outer shelf and shelf break [37, 55] . Investigations of benthic invertebrates around the Lord Howe Island shelf have shown that the infaunal benthic community structure was significantly different between geomorphic zones (fossil reef, basins and outer shelf, [56] ).
While geomorphology appears to be a useful surrogate for benthic assemblages for the mid-to outer-shelf features, benthic communities around the inner shelf appear to be strongly structured by the hydrodynamic regime [23, 58, 59] . Geomorphology is considered to be less useful as a surrogate in this zone, however terrain variables derived from the DEM, such as seafloor ruggedness, may provide useful proxies for explaining distribution of benthic assemblages.
Seafloor habitat mapping is an important component for marine spatial planning and fisheries management [7, 60] . The high-resolution bathymetry model and geomorphic characterisation produced in this study feed directly into the management needs identified by marine park managers [34] . These macro-scale classifications of geomorphic features fit within the hierarchical framework of biome and provincial characterisations of the seafloor and biogeography for the broader Lord Howe region [3, 31] . The datasets produced by this study reveal detailed bathymetric information and characterise the geodiversity of the shelf landscape. The continuous depth information and stratification of the shelf into distinct features can be utilised in the ongoing planning and management of the shelf environment. An understanding of geodiversity around the shelf can assist in the experimental design of future data collection, and can identify areas of potential biodiversity, which can be targeted for further exploration.
Future research will focus on resolving the timing of reef accretion around the Balls Pyramid shelf and the evolution of the shelf features. The distribution of benthic assemblages around the Lord Howe Island shelf will also be explored to further examine relationships between biota to underlying geomorphology and terrain variables.
Conclusions
The principal conclusions that arise from the present study are:
1.
Filtering of the band ratio grid with standard deviation and median filters improved the surface for integration with multibeam echosounder data.
2.
Image partitioning further improved the surface, accounting for east-to-west variation across the image.
3.
The integration of depth derived from satellite imagery together with multibeam echosounder data produced a seamless 5 m cell size bathymetry model of the shelf from the shoreline to shelf break.
4.
Geomorphic interpretations of the shelves defined diverse accretionary and erosional features, with mid-shelf fossil reefs shown to dominate both shelves in 25-50 m.
5.
The mid-shelf fossil reef around Balls Pyramid is approximately half the area of the Lord Howe Island mid-shelf reef, although it represents a similar proportion of shelf area (approximately one third). 6.
The morphology, size, configuration and depth distribution of outer shelf features are most similar between the two shelves, and are most dissimilar for inner shelf features. 
